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1  | INTRODUC TION
Recent	advances	 in	biotelemetry	have	revolutionized	the	scales	at	






mates	 (within	a	few	meters)	of	 the	two-	dimensional	 (2D)	positions	
of	aquatic	organisms	tagged	with	acoustic	tags	(Binder	et	al.,	2016).	
Acoustic	telemetry	positioning	systems	typically	consist	of	several	
stationary	 receivers	 arranged	 in	 a	 regularly	 spaced	 array	 of	 near	
equilateral	 triangles	or	squares	with	overlapping	detection	 ranges.	
The	positions	of	tagged	individuals	can	then	be	calculated	using	the	
detection	 data	 collected	 from	 all	 receivers	within	 the	 array	 based	
on	time	difference	of	arrival	(TDOA)	methodology	(Biesinger	et	al.,	








and	 clock	 synchronization	 requirements	 needed	 for	 a	 positioning	
system.
The	VEMCO	positioning	system	(VPS)	is	a	commonly	used	acous-
tic	 telemetry	 positioning	 algorithm	 that	 is	 based	 on	 a	 proprietary	





require	 a	 few	 seconds	 to	 transmit	 (Meckley,	Holbrook,	Wagner,	&	
Binder,	2014),	with	a	receiver	having	to	detect	all	the	transmission	
pulses,	without	interference	from	other	tags,	to	properly	decode	the	




























addition,	we	present	 a	 sample	of	 data	obtained	 for	 five	European	
perch	 Perca fluviatilis	 implanted	 with	 HR	 tags	 to	 illustrate	 how	
this	 technology	 can	 estimate	 the	 fine-	scale	 behaviour	 of	 aquatic	
organisms.






from	 the	bottom	of	 the	 lake	 extending	 above	 the	 surface.	During	
the	study,	the	Secchi	depth	was	on	average	2	m	and	water	tempera-





2.2 | Stationary and movement trials




tags,	 see	 Supporting	 Information)	 covering	 the	 northwest	 half	 of	
the	 lake	 (Figure	1b).	Receivers	were	mounted	pointing	upwards	 to	
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Garmin	Ltd.,	Kansas	City,	Ohio,	USA)	used	 in	 the	 study	were	 syn-
chronized	to	comparable	timestamps.	Internal	clocks	of	the	receiv-




To	 compare	 stationary	 position	 estimates	 of	 the	HR-	VPS	with	
GPS-	recorded	locations	of	the	test	tags,	we	deployed	three	tags	at	
haphazard	 locations	 throughout	 the	 positioning	 system	 at	 depths	
of	 1–2	m	 (Table	1,	 Figure	1b).	 Tags	 were	 deployed	 separately	 at	
known	 locations	 each	 on	 a	 separate	weighted	 anchor	 line,	with	 a	




To	compare	moving	 tracks	between	 the	HR-	VPS	and	 the	GPS,	
a	V5-	HR	tag	was	placed	on	a	weighted	line	1–2	m	below	the	water	
surface	 and	 towed	 using	 a	 boat	 outfitted	 with	 an	 electric	 motor.	
Moving	tests	were	conducted	for	10	min,	with	five	tests	 total	and	














Following	 receiver	 recovery	 and	 downloads,	 raw	 data	 were	
processed	by	VEMCO	into	2D	positions	of	each	test	tag	using	hy-
perbolic	 positioning	 algorithms	 based	 on	 TDOA	 for	 each	 acous-
tic	transmission	detected	by	three	or	more	receivers	in	the	array	
(Espinoza	 et	al.,	 2011;	 Smith,	 2013).	When	 a	 transmission	 is	 de-
tected	by	 three	or	more	 receivers,	 a	 position	 is	 calculated	using	
every	subset	of	three	receivers,	with	a	single	position	calculated	
on	 a	 weighted	 mean	 that	 favours	 the	 lowest	 error	 sensitivity	






The	 positional	 dataset	 obtained	 from	 HR-	VPS	 analysis	 by	
VEMCO	 for	 stationary	 and	 moving	 tests	 performed	 had	 16,856	







The	 precision	 of	 the	 HR-	VPS	 positioning	 for	 the	 stationary	 tests	









Following	 field	 testing	 of	 the	HR-	VPS,	 the	 acoustic	 array	was	 ex-
tended	 to	 cover	 the	 entire	 area	 of	 the	 lake	 (Figure	1b).	 We	 cap-
tured	 26	 European	 perch	 Perca fluviatilis	 between	 27	 July	 2016	
and	14	September	2016	with	mean	 (±SD)	 fork	 length	and	mass	of	
232.4	±	32.1	mm	and	198.1	±	70.6	g	respectively.	Each	captured	fish	
was	surgically	implanted	with	an	HR	acoustic	tag	(V9-	HR,	180	kHz,	
VEMCO	 Ltd.)	 with	 a	 mean	 HR	 transmission	 period	 of	 4	s	 (range	
3–5	s).	All	fish	were	released	in	the	middle	of	the	study	lake	on	20	
September	2016.
















No. of estimated 
positions





S1 37 1,443 5.6	[5.3–5.7] 4.5–6.7 0.2	[0.01–1.3] 0.002–1.7
S2 48 1,893 4.3	[4.2–4.3] 3.5–4.4 0.1	[0.02–0.1] 0.002–1.2
S3 41 1,567 5.6	[5.5–5.7] 4.9–5.8 0.1	[0.01–0.2] 0.002–1.2
S4 30 1,166 4.6	[4.5–4.7] 4.3–4.9 0.04	[0.01–0.24] 0.002–0.6
S5 30 1,165 7.7	[7.6–7.8] 7.4–8.7 0.1	[0.04–0.3] 0.005–2.4
S6 37 1,404 5.7	[5.5–5.8] 5.0–7.6 0.1	[0.03–0.5] 0.004–3.5
S7 39 782 7.5	[7.0–8.0] 6.8–8.5 0.4	[0.05–1.0] 0.01–1.3
S8 31 1,167 9.7	[9.4–10.3] 7.9–20.3 0.2	[0.1–6.3] 0.01–16.6
S9 45 1,578 10.8	[10.2–11.6] 9.5–12.0 0.2	[0.04–1.3] 0.001–1.9
S10 52 5 7.3	[7.3–7.4] 7.3–7.4 0.1	[0.04–0.1] 0.04–0.1
S11 41 1,323 5.1	[4.8–5.4] 4.6–7.9 0.2	[0.04–0.6] 0.001–4.1





     |  5Methods in Ecology and EvoluonGUZZO et al.
the	preceding	position	that	was	less	than	a	set	time.	Next,	it	would	









3.1 | Stationary and movement trials
The	 median	 precision	 (95th	 percentile	 interval)	 of	 all	 HR-	VPS	 es-
timates	 from	 all	 stationary	 trials	 (n	=	12)	was	 0.1	m	 (0.02–0.07	m),	
with	individual	precision	estimates	ranging	from	0.001	m	to	16.7	m	
depending	 on	 the	 trial.	 S4	 had	 the	 highest	 median	 precision	 at	
0.04	m	(0.01–0.2	m)	and	deployment	S7	had	the	lowest	highest	pre-




trial.	 Trial	 S12	was	most	 accurately	 positioned	 (2.7	m	 [2.2–2.9	m])	
and	 S9	was	 the	 least	 accurately	 positioned	 (10.8	m	 [10.2–11.6	m])	
(Table	1,	 Figure	2).	Most	 positions	 estimated	 by	 the	HR-	VPS	were	
positioned	to	the	southeast	of	the	GPS-	recorded	position	for	a	given	
stationary	test	 location	suggesting	a	positioning	bias	between	HR-	












each	movement	 trial,	 but	 like	 stationary	 trials	 seemed	 to	 be	 posi-
tioned	to	the	southeast	of	the	GPS	track	 in	many	cases	 (Figure	3).	
When	 the	 transmission	period	of	 a	moving	 track	produced	by	 the	






between	 movement	 metrics	 estimated	 for	 the	 subset	 perch	 data	
using	the	full	HR-	VPS	array	and	HR	tag	(mean	HR	transmission	pe-
riod	=	4	s)	 compared	 to	 this	 data	 thinned	 to	 represent	 older	 VPS	
PPM	 technology	 with	 a	 transmission	 period	 of	 60	s	 resulted	 in	 a	




M1 11 357 4.9	[1.5–9.2] 0.2–10.8
M2 13 381 11.9	[3.6–20.1] 2.1–25.2
M3 12 311 6.3	[4.9–9.2] 3.6–17.0
M4 12 362 10.4	[5.0–15.8] 2.4–19.4
M5 12 391 11.8	[4.7–14.8] 3.0–36.1
HR-	VPS,	high	residence-	VEMCO	positioning	system.
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93%	 reduction	 in	 the	 number	 of	 positions	 estimated.	 As	 a	 result,	
estimates	 of	movement	metrics	 also	 varied	with	 transmission	 pe-
riod.	Distance	travelled,	speed	of	movement	and	turning	angle	for	
fish	 implanted	with	HR	tags	each	decreased	with	 longer	 transmis-
sion	 period	 (log10	 distance	 travelled:	 F1,33	=	16.2,	 p	<	.01,	 r
2	=	.33,	
y	=	−0.01x	+	2.14);	(log10	speed	of	movement:	F1,33	=	20.55,	p	<	.01,	
r2	=	.38,	 y	=	−0.01x	−	0.76);	 (turning	 angle	 F1,33	=	10.59,	 p	<	.01,	
r2	=	.24,	 y	=	−0.37x	+	58.49).	 However,	 the	 relationship	 was	 much	
more	variable	for	turning	angle	than	estimates	for	distance	travelled	
and	 speed	 of	 movement,	 particularly	 at	 the	 slowest	 transmission	
frequencies	(Table	3,	Figures	4,	5).	Mean	turning	angles	also	varied	
among	fish,	with	those	fish	(IDs	43235	and	43250)	with	less	linear,	




The	HR-	VPS	was	 able	 to	 position	 a	 stationary	 and	moving	 tag	 to	


















sion	of	positions	 for	 stationary	 trials.	 This	 suggests	 that	 if	 a	high-	
accuracy	GPS	were	 used	 to	 survey	 the	 system,	 the	 results	would	








exact	meaning	 of	 the	 displayed	3	m	 error	 is	 not	 specified	 by	GPS	













termine.	Whatever	 the	 case,	 these	 results	 suggest	 that	 estimated	
position	accuracy	will	only	be	as	good	as	the	accuracy	of	the	GPS	co-
ordinates	for	receivers	and	as	advancements	in	telemetry	continue	



















pable	 of	 accurately	 reflecting	 complex	 path	 tortuosity	 (Figure	3f).	
Tortuosity	is	an	important	feature	of	movement	(Benhamou,	2004)	
that	 remains	difficult	 to	 encapsulate	using	 classical	 low-	resolution	
tracking	 technologies,	 despite	 the	 immense	 improvements	 made	
in	 animal	 movement	modelling	 in	 the	 last	 years	 (Hooten,	 King,	 &	
Langrock,	2017).	Encapsulating	the	natural	tortuosity	of	an	animal’s	










erating	 jagged	 movement	 tracks	 (see	 Figure	4)	 and	 thus	 inflating	
measured	movement	metrics,	such	as	distances	travelled.	Based	on	
our	results,	we	can	conclude	that	the	tested	technology	represents	
a	 unique	 opportunity	 to	 provide	 improved	 movement	 data	 and	
behavioural	 information	on	 free-	ranging	animals,	under	 the	condi-
tion	 that	 appropriate	modelling	methods	are	employed	 to	 capture	
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fish	 (Burton,	 Killen,	 Armstrong,	 &	Metcalfe,	 2011;	 Killen,	 Marras,	




in	 the	 natural	 aquatic	 environment.	 Our	 results	 suggest	 that	 the	
HR-	VPS	 technology	 should	 close	 this	 critical	 gap,	 finally	providing	
accurate	 measures	 of	 spontaneous	 activity,	 foraging	 ability	 and	
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